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Abstract: 
 
In this contribution an experimental investigation concerning the effect of emulsified 
fuels based on fatty acid distillates (FAD) on a single cylinder diesel engine 
performance and exhaust emissions was investigated. The single cylinder diesel engine 
assessment was conducted under selected test conditions, fixing the engine speed and 
varying the load. Emulsified fuels were formulated using blends of fatty acid distillates 
in diesel fuel as continuous phase, as well as deionized water as dispersed phase and 
Nonyl phenol with 8 moles of ethylene oxide as surfactant. Over these conditions the 
brake specific fuel consumption (BSFC), brake thermal efficiency (BTE), ignition delay 
(ID), rate of heat release (ROHR), cumulative heat release, nitrogen oxides (NOx), 
carbon monoxide (CO) and unburned hydrocarbons (HC) were analyzed. The results 
indicate that the use of emulsified fuels produce increases in the specific fuel 
consumption and decreases in the brake thermal efficiency for emulsions compared to 
diesel fuel and a blend of 30% FAD in diesel. On the other hand, later starts of 
combustion and retarded ROHR for emulsified fuels compared to diesel fuel and a 
blend of 30% FAD in diesel were obtained. Further, lower NOx and higher HC and CO 
emissions for emulsified fuels were reported. 
 
Keywords: Emulsified fuel, fatty acid distillates, waste by-product, engine 
performance, exhaust emissions 
 
 
1. Introduction  
 
Biofuel production from vegetable oils is widely considered one of the most sustainable 
alternatives to diesel fuel. However, they are not economically competitive as yet due to 
their current production and supply chain (i.e. price, manufacturing, supply and 
distribution). In this context, biofuels production based on waste and residual by-
products represents an attractive alternative due to low waste product costs.  
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The fatty acid distillates (FAD) are a low-value by-product obtained from the vegetable 
oil refining industry generated during the physical refining in the fatty acid stripping 
and deodorization stages [1]. It is a well-known fact that several metric tons of fatty acid 
distillates are produced around the world annually from different feedstock (e.g. palm 
oil, rapeseed and soybean oil). Particularly,  Malaysia has one of the largest refining 
palm oil industries in the world [2] and hundreds of thousands of metric tons of fatty 
acid distillates are annually generated according to Malaysian Oil Palm Statistics [3]. 
 
According to the fatty acid distillates’ composition they are suitable as a feedstock for 
biofuel production [1, 4-9]. This element might enhance the refining industry efficiency; 
contributing to the concept of zero-waste through recycling, generating energy and 
reducing the environmental degradation. However, fatty acid distillates have not been 
researched thoroughly and they are not widely applied as diesel engine fuel.  
 
The direct use of vegetable oils, animal fats or waste by-products such as FAD as diesel 
engine fuel affects the engine performance and component wear. To obtain an economic 
and environmentally-friendly engine fuel from fatty acid distillates, it is necessary to 
change their physicochemical properties for which there are different methods 
(preheating, blending, trans/esterification, cracking/pyrolysis and emulsification). Even, 
it is also possible to use an additive as fuel improver to enhance the engine performance 
and emissions [10-13].   
 
Among these methods the transesterification is one of the most popular methods. 
However, because of the high free fatty acid (FFA) content of FAD, this feedstock 
cannot be converted directly to biodiesel via alkaline transesterification [14]. Although 
different methods to decrease the FFA content are reported [15-17] for enhancing the 
transesterification efficiency, biodiesel production is not economically profitable until 
now. In addition, depending on the quality of the FAD feedstock, additional steps are 
necessary to remove the water content and free fatty acids.  
 
The combination of different methods previously mentioned might represent an 
alternative. The use of blend of fatty acids distillates in diesel fuel can leads to a 
reduction of viscosity to within biodiesel and diesel fuel standards. Thereupon, the 
emulsification technique has an additional attraction linked to the emulsified fuel 
capacity of decreasing diesel engine exhaust emissions such as nitrogen oxides (NOx). 
Both methods are not sophisticated because modifications of the original engine design 
and special equipment are not necessary.  
 
The formulation of an emulsion involves no complex chemical reactions [18]. In 
addition, due to the micro-explosion phenomenon as a consequence of the dispersed 
water into emulsified fuel, it is also possible to improve the atomization process and 
recover in part the combustion efficiency when it is used as diesel engine fuel.  
 
A significant number of investigations on emulsified fuels formulation and engine 
performance using vegetable oil sourced fuels as feedstock have been conducted since 
the 20
th
 century to the present [19-36]. However, emulsified fuels containing fatty acid 
distillates as alternative fuels have not been reported. Therefore, in the present work we 
aimed for the formulation of emulsified fuels containing diesel fuel and fatty acid 
distillates from the local refining oil industry in order to analyze their effect on diesel 
engine performance and exhaust emissions. 
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2. Materials and Methods 
 
2.1 Emulsified fuels formulation 
 
The emulsified systems were formulated based on stabilization zone reported in our 
previous experiments [37] using blends of rapeseed oil in diesel fuel as continuous 
phase. Additional components such as deionized water as dispersed phase and Nonyl 
phenol (NP) + 8 moles of ethylene oxide (8MOE) as surfactant were used. The fatty 
acid distillates (FAD) were collected from the Cuban vegetable oil refining industry. 
The physicochemical properties of diesel fuel and fatty acid distillates are shown in 
Table 1.   
 
Table 1  
Physicochemical properties of diesel fuel and fatty acid distillates  
Properties Unit Diesel fuel Fatty acid distillates 
Viscosity  mm
2
/sec 5 28.6 
Density  g/cm
3
 0.818 0.908 
Lower heating value  MJ/kg 42.5 36.3 
Water content % <0.05 0.387 
Cetane number - 45 40* 
*Prediction using Sánchez’ model [38] 
 
The fatty acid distillates were filtered to remove impurities. For this purpose a vacuum 
pump coupled to a Kitasato flask attached to a Büchner porcelain funnel through a 
rubber adapter was used. The filter paper had a medium filtered speed. The vacuum 
pump was a rotary vane pump MLW DSE2 with a pressure of 5.7Pa and pumping rate 
of 2m
3
/h.  
 
The emulsification was conducted using a sonicator lab device (i.e.: Soniprep 120) with 
a frequency of 14 Hz. The volume prepared was 250 mL with continuous sonication 
during 15 minutes. The required amount of surfactant was added into the continuous 
phase (blends of FAD in diesel fuel); then the deionized water was slowly added. After 
each addition, the dispersed systems were vigorously sonicated. 
 
The stability assessment of emulsified fuels was analyzed through a direct method like 
the visual observation, keeping the samples in glass test tubes with stopper after their 
preparation, aging at ambient laboratory conditions. The main criterion for stable 
emulsified fuels was the preservation of only one phase [39].  
 
Physicochemical properties such as density, dynamic viscosity and lower heating value 
were evaluated. The density was measured using a pycnometer of 25 mL. On the other 
hand, the dynamic viscosity was evaluated using a viscometer RION VT-03F, with a 
measurement accuracy of ±5%. The measurements were repeated thrice and the 
averages of the replicates were used in the analysis. The lower heating value of fuels 
was performed through a bomb calorimeter according to ASTM D 240. 
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2.2 Experimental engine set-up and procedures 
 
The engine used for the research was a Lister Petter diesel engine PH1W. This is a four-
stroke single cylinder engine with direct injection. The main engine characteristics are 
shown in table 2.  
 
Table 2  
Characteristics of the Lister Petter diesel engine PH1W 
Item Value 
Bore 87.3 mm 
Stroke 110 mm 
Compression ratio 16.5:1 
Cubic capacity per cylinder  659 cm
3
 
Fuel injection timing  24 before TDC (up to 1650 rpm) 
28 before TDC (1651-2000 rpm) 
Inlet valve opens 4.5 before TDC  
Inlet valve closes 35.5 after BDC  
Exhaust valve opens 35.5 before BDC  
Exhaust valve closes 4.5 after TDC  
TDC: Top dead center, BDC: Bottom dead center 
 
The schematic diagram of the experimental setup used for the engine tests is shown in 
Figure 1. The engine was equipped with load cell, Froude hydraulic brake DPX 2, four 
K-type thermocouples and a tachometer (Radio energy). A piezoelectric relative 
pressure sensor (Kistler; model: 6067C, water-cooled) mounted directly on the cylinder 
head was used to measure the cylinder pressure. A piezoresistive absolute pressure 
sensor (4075A10) mounted in the admission duct was used to register the intake air 
pressure.  
12
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Fig.1. Schematic diagram of the engine bench setup 
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The engine was also equipped with a data acquisition system, a Kistler signal 
conditioning platform with a charge amplifier (model 5064); a piezoresistive amplifier 
(model 4665), a module NI 9401 (digital) and a module NI 9215-BNC (analog) were 
used. On the other hand, a Kistler system 2614A to measure the crank angle position 
was used, with a resolution of 0.2 crank angle degrees (CAD). This system provided a 
correlation between pressure measurement signals and crank angle degrees position. 
 
The assessment of the engine was conducted under selected test conditions fixing the 
engine speed at 1500rpm (to avoid the variation of the injection timing) and varying the 
load as is shown in table 3. Over these experimental conditions the brake specific fuel 
consumption (BSFC), brake thermal efficiency (BTE), ignition delay (ID), rate of heat 
release (ROHR), cumulative heat release and exhaust emissions were analyzed.
 
Table 3 
Engine test conditions 
n 
(rpm) 
Torque 
(Nm) 
Power output 
(KW) 
1500 15 2.36 
1500 20 3.14 
1500 25 3.93 
1500 30 4.71 
 
The exhaust emissions were measured using a Testo 350 analyzer. The emissions 
analyzed were the nitrogen oxide (NOx), carbon monoxide (CO) and unburned 
hydrocarbons (HC). The fuel mass consumption was analyzed gravimetrically using a 
Mettler Toledo IND425 weighing scale and a digital stopwatch. The atmospheric 
conditions were monitored through a TFA station (model: 35.1078.10.IT).   
 
2.3 Uncertainty analysis on engine measurements 
 
The accuracy and device specifications used in this research are shown in Table 4.  
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Table 4 
Summary of accuracy and device specifications  
Variable group Variable Device Accuracy  
Exhaust 
emissions 
HC Gas analyzer    ±5% 
CO  ±5% 
 NOx  ±5% 
Fuel 
consumption 
Fuel flow rate Weighing scale ±0.001kg 
 Time Digital stopwatch ±0.1sec 
Torque Torque output Load cell ±0.1N 
Speed Engine speed output Tachometer  ±6 rpm 
Angle Crank angle degree Encoder mechanic 
Kistler 2614A1 
±0.2CAD 
 
 
Encoder electric 
Kistler 2614A2  
 
 
Pulse multiplier 
Kistler 2614B4  
Pressure Intake pressure Kistler 4075A10 ±3000 Pa 
 Cylinder pressure Kistler 6067C ±1% 
 
The uncertainty on measurements of crank angle degree and the ignition delay were 
defined by the resolution of crank angle (i.e.:±0.2CAD) itself. On the other hand, the 
uncertainties on engine power output (i.e.:±1%), fuel flow rate (i.e.:±1.5%), brake 
specific fuel consumption (i.e.±2%) and brake thermal efficiency (i.e.±2%) were 
determined analyzing the propagation of measurement uncertainty.  
 
3. Experimental Results  
 
3.1 Experimental results of emulsified fuels formulation 
 
As was previously mentioned, emulsified fuels were formulated using blends of fatty 
acid distillates in diesel fuel as continuous phase, as well as deionized water as 
dispersed phase and Nonyl phenol with 8 moles of ethylene oxide as surfactant. The 
surfactant percentage was fixed at 4% (by volume) for all emulsified fuels as it was 
found as a proper amount to ensure stability. Stable dispersed systems with different 
diesel fuel/FAD ratio and water amount were obtained as is shown in Figure 2. In this 
ternary diagram, two different zones (stable system in black and non-stable system in 
white) were drawn. 
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Fig. 2. Ternary diagram obtained for stable emulsions 
 
The stability time of the emulsified fuels attained 72 hours after their preparation. Based 
on this spontaneous tendency for phase separation and their optical appearance 
(turbidity appearance like milk), all emulsified fuels were classified as emulsions. In 
addition, according to their viscosities not all obtained emulsified fuels were suitable for 
light duty diesel engine applications. 
 
From the previously obtained dispersed systems, two emulsions with higher FAD 
percentage were selected to test at the engine test bench. The emulsions’ selection 
criteria included the use of the least possible amount of diesel fuel, keeping fixed its 
percentage (i.e.: 71%), as well as the interest to analyze the influence of the water 
percentage on engine performance and exhaust emissions. All this, bearing in mind the 
viscosity range proposed by the biodiesel and diesel standard.  
 
The physicochemical properties of the selected emulsions (EFAD1 and EFAD2) to 
analyze their effect on a single cylinder diesel engine performance and exhaust 
emissions are shown in Table 5. An increase of the water percentage led to higher 
viscosities. However, comparing the density results, a slight difference between 
emulsions was observed. Finally, differences between emulsions’ heating values were 
expected. 
 
Table 5  
Physicochemical properties of fuels tested  
Fuel Diesel 
(%) 
FAD 
(%) 
Water 
(%) 
Viscosity 
(mPa∙s) 
Density 
(g/cm
3
) 
LHV 
(MJ/kg) 
Mix 30%FAD-in diesel 70 30 - 7.2 0.835 40.6 
EFAD1 71 22.5 2.5 6 0.850 39.4 
EFAD2 71 20 5 6.5 0.853 38.5 
EFAD: Emulsified fatty acid distillates, LHV: Lower heating value 
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3.2. Brake specific fuel consumption 
The engine was initially run on diesel fuel and a blend of 30% FAD in diesel to generate 
base line data and after that it was run on emulsified fuels. The results of BSFC are 
shown in Figure 3. In general, increases of the brake specific fuel consumption were 
obtained for emulsions compared to diesel fuel and a blend of 30% FAD in diesel. 
Increase of the water percentage in the emulsions next to the presence of FAD leads to 
high brake specific fuel consumption. Similar results have been attained for other 
emulsified fuels [29, 31, 32, 40-44]. 
 
The higher BSFC of emulsified fuels is mainly due to their lower heating values 
compared to other fuels (see table 1 and table 5). However, it is important to point out 
that since water has no contribution to the heating values of the emulsions, it is 
reasonable to only consider the percentage of fuel used into emulsified fuel in the 
engine operation [45].   
 
 
Fig. 3. Brake specific fuel consumption for test fuels 
 
3.2.1. Brake thermal efficiency 
 
The variation of the brake thermal efficiency (BTE) is shown in the Figure 4.  The BTE 
increases as the load increases. Decreases of BTE for emulsions compared to diesel fuel 
were achieved. However, at high load comparable BTE were obtained for emulsified 
fuels and the blend of 30% FAD in diesel. In addition, an increase of the water 
percentage into emulsified fuels linked to the presence of FAD resulted in a decrease in 
BTE, which was also reported by Nanthagopal [35].  
 
The variations in brake thermal efficiency have a close relationship with the 
physicochemical properties, structure and composition of the emulsified fuels. From the 
review of the state-of-the-art and current trends, decreases in the BTE of the emulsified 
fuels have been reported [31, 44, 46, 47]. Nevertheless, an increase in the BTE of  
emulsified fuels compared to diesel fuel was noticed by Nanthagopal [35]. 
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Fig. 4. Brake thermal efficiency for test fuels 
 
3.2.2. Ignition delay 
 
One of the common methods used to determine the ignition delay in diesel engines is 
analyzing the behavior of cylinder pressure and its first derivative. In this study the start 
of injection was assumed taking into account the manufacturer specifications (see table 
2). The start of combustion was fixed at the point where the line of 150000Pa/CAD 
crosses the graph of the first derivative. A comparison of the ignition delay results are 
depicted in Figure 5.   
 
Under the experimental conditions, longer ignition delays for emulsified fuels than 
diesel fuel and its blend in FAD were found. Nevertheless, at highest load condition no 
significant differences between all test fuels were achieved. This trend is a consequence 
of two facts: lower cetane number of FAD and dispersed water into emulsified fuel. The 
thermal effect of the dispersed water is one of the most important thing to take into 
account because it should play an important role in the atomization process and ignition 
quality (e.g. vigorous evaporation, micro-explosion of emulsified droplets, etc.), 
bringing a significant variation of ID.  
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Fig. 5. Ignition delay for test fuels 
 
3.2.3. Rate of heat release and cumulative heat release  
 
The rate of heat release was computed from the cylinder gas pressure and instantaneous 
cylinder volume following the procedure outlined by Heywood [48] and Alagumalai 
[49]. Figure 6 show the variation of rate of heat release (ROHR) under different engine 
operating conditions for test fuels. The diesel fuel achieved higher peak of ROHR than 
other fuels, although it is valid to note that at 4.71KW comparable peak for emulsified 
fuels were reached. Also, emulsified fuels at 3.43KW and 4.71KW reported peak of 
ROHR comparable to a blend of 30% FAD in diesel.  
 
As was previously reported (see section 3.2.2), later starts of combustion were obtained 
for emulsified fuels. As a consequence of this fact highest late-cycle heat release rates 
for emulsified fuels are expected. The presence of water in the emulsified fuels causes 
variations in the peak of ROHR and shifts in the premixed combustion phase and 
mixing-controlled combustion phase conforming to a delay of the start of combustion. 
An important amount of energy during combustion is used by the dispersed water to 
change the phase (i.e. liquid to vapor). All this brings an important increase of unburned 
fuel at the later times. In addition, the lower peak achieved is also related with the lower 
heating content of the emulsions compared to diesel fuel and a blend of 30% FAD in 
diesel.    
 
A comparison of the cumulative heat release is shown in Fig 7. The cumulative heat 
release is a relative magnitude calculated as the ratio of the net cumulative heat release 
and the fuel energy supplied per cycle. In addition, net cumulative heat release was 
analyzed by integrating the ROHR over the closed part of the engine cycle. As can be 
noted, emulsified fuels exhibited lowest cumulative energy at lower power output 
compared to diesel fuel and a blend of 30% FAD in diesel. However, EFAD1 showed 
slight increases at 3.93KW and 4.71KW, beside EFAD2 (only at 4.71KW) in contrast 
with diesel fuel results. 
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         (a)                                                                                                                                                                              (b) 
                                                  
    (c)                                                                                                                                           (d) 
Fig. 6. Rate of heat release for test fuels: a)@2.36KW, b) @3.14KW, c) @3.93KW, d) @4,71KW 
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        (a)                                                                                                                                                                     (b) 
 
                                        
                                                                           (c)                                                                                                                                       (d) 
Fig. 7. Cumulative heat release for test fuels: a)@2.36KW, b) @3.14KW, c) @3.93KW, d) @4,71KW
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3.2.4. Variation of nitrogen oxides  
 
The variation of nitrogen oxides (NOx) emissions are shown in Figure 8. Significant 
decreases in NOx emissions for emulsified fuels compared to diesel fuel and a blend of 
FAD in diesel were observed. The most significant NOx reductions were registered to 
EFAD2 (i.e. between 10% and 26%) in comparison with diesel fuel.  
 
As was previously mentioned, when dispersing water into fuels to make an emulsified 
fuel, the thermal effect of the dispersed water itself during the combustion process 
results in lower combustion temperature (see temperature profile of emulsified fuels 
reported by Samec et al.[50]). In agreement with Samec et al.[50], lower combustion 
temperature directly influences the NO formation (major contributor to NOx formation), 
considering the chemical reaction rate for Zeldovich mechanism. For this reason, as a 
consequence of the thermal effect of the water in the adiabatic flame and combustion 
temperature, suppression of NOx emissions for emulsified fuels are generally expected.  
 
 
Fig. 8. Nitrogen oxides for test fuels 
 
3.2.5. Variation of unburned hydrocarbons  
 
The unburned hydrocarbons emissions (HC) are shown in Figure 9. In general, 
increases of the HC for emulsified fuels and a blend of FAD in diesel compared to 
diesel fuel were obtained with the growth of engine power output. Increases of water 
percentage led to increases of de HC emissions, with exception of one experiment. 
Although, it is valid to note that blend of FAD in diesel fuel brought higher HC 
emissions than emulsified fuels.  Similar results for other emulsified fuels have also 
been reported [18, 28, 31, 46, 47, 51].  
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In diesel fuel combustion the main reasons for hydrocarbons (HC) emission are low 
temperature bulk quenching of the oxidation reactions, locally over-lean or over-rich 
mixture, liquid wall films for excessive spray impingement and incomplete evaporation 
of the fuel [52]. However, it is interesting to point out that in emulsified fuels and blend 
of diesel fuel in vegetable oils an important role play the viscosity, bulk modulus, 
density, surface tension, as well as the oxygen content.  
 
In this investigation, the higher viscosities of the emulsified fuels and the blend of 30% 
FAD in diesel were achieved. This fact might affect the atomization process and lead to 
increases of the spray–cylinder wall interaction, which also increase the HC formation. 
An additional explanation might be variations in the ignition delay and the shift of the 
premixed combustion period (see section 3.2.2 and 3.2.3). As a result of those facts, 
more fuel is unburned resulting in an increase of the HC emissions.  
 
 
 
Fig. 9. Unburned hydrocarbons for test fuels 
 
3.2.6. Variation of carbon monoxide 
 
The carbon monoxide (CO) emission for test fuels is shown in Figure 10. In general, 
increases of the CO for emulsified fuels and a blend of FAD in diesel compared to 
diesel fuel were obtained. On the other hand, lower CO emissions for emulsified fuels 
related to blend of FAD in diesel fuel were attained. In accordance with the HC 
emissions, the CO emissions of emulsified fuels also increase with the increase of water 
percentage. The increases of CO emissions for the test fuels, manly the emulsified fuels, 
is a result of higher viscosity, longer ignition delays and their collateral effect on the 
combustion process. In agreement with results obtained in this paper, increases of CO 
emissions are also reported [18, 20, 21, 28, 32, 42, 47, 51, 53].   
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Nevertheless, in the formation process of carbon monoxide (CO) in diesel engines, 
factors like cylinder pressure, temperature, equivalence ratio and ignition delay and fuel 
spray–wall interaction play important roles [54]. Moreover, in agreement with Ithnin 
[55] other precursors are the incomplete fuel oxidation phenomena and the relatively 
slow burning of the soot (which, governed by heterogeneous kinetics, forms CO, 
particularly during the final phase of combustion). In addition, probably the chemical 
structure of the fuels (i.e. emulsions and blend) which contains oxygen in their 
structures, as well as the contribution of oxygen by the water and emulsifier agent also 
plays a decisive role. This extra oxygen in the air-fuel mixture, depending on the engine 
operational conditions affects the combustion efficiency.  
 
 
Fig. 10. Carbon monoxide for test fuels 
 
Conclusions 
 
The effect of emulsified fuels on a single cylinder diesel engine performance and 
exhaust emissions have been investigated in this research. Based on the experimental 
results, the following conclusions can be made: 
 
 Several stable emulsified fuels were formulated using different diesel fuel/FAD 
ratio and water amount bringing stability times up to 72 hours. Based on this fact 
and their optical appearance all emulsified fuels were classified as emulsions. In 
addition, according to this physicochemical characterization, not all emulsified 
fuels were suitable for light duty diesel engine applications. 
 In general, increases of the brake specific fuel consumption and decreases of the 
brake thermal efficiency for emulsions compared to diesel fuel and the blend of 
30% FAD in diesel were achieved. However, at high load comparable BTE were 
obtained for emulsified fuels and the blend of 30% FAD in diesel.  
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 As result of lower cetane number and thermal effect of dispersed water into 
emulsified fuels, longer ignition delays for emulsions than diesel fuel and its 
blend in FAD were reported. However, at highest load condition no significant 
differences between all test fuels were achieved. These results shown that the 
engine works better at high load, which is an important indicative to establish 
that enough thermal energy for the micro-explosion is needed. On the other 
hand, highest late-cycle heat release rates and lowest cumulative heat release for 
emulsified fuels were obtained. Nevertheless, at higher power output the 
cumulative heat release for emulsions brought slight increases. 
 The emulsification method was found as an effective way to reduce the NOx 
emissions. Conversely, emulsions reported increases of HC and CO emissions   
compared to diesel fuel. Although, it is valid to point out that blend FAD in 
diesel fuel brought higher HC and CO emissions than emulsified fuels. Finally, 
the HC and CO increases, as well as NOx emissions decrease when the water 
percentage was increased into emulsified fuel. Nevertheless, it is necessary to 
take into account that is possible to decrease the achieved emissions (HC y CO) 
varying some engine parameters such as injection timing and ignition delay, 
which might represent important improvements.  
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HIGHLIGHTS 
 
Discussion of various issues with regard to formulation of emulsions containing FAD 
 
Stable emulsions were produced using FAD, diesel fuel and a mixture of surfactants  
 
The effect of emulsions on engine performance and exhaust emissions were studied 
 
Emulsions containing FAD and water lead to higher BSFC and delayed start of 
combustion 
 
Emulsions were found as an effective way to reduce the nitrogen oxides emissions 
 
 
